Polyphenoloxidase was purified from chloroplasts of broad bean leaves (Vicia faba L.) to apparent homogeneity. The enzyme was composed of two proteins with an apparent mass of 65 and 68 kilodaltons after sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The isolated enzyme contained covalently attached carbohydrates and bound concanavalin A, Phaseolus vulgaris erythroagglutinin, and Rkinus communis agglutinin lectins.
Plant PPOs' have been studied frequently since their initial discovery by Bertrand (2) (3) (4) ; for reviews see 15, 16, 26, 28) . In spite oftheir long history, relatively little is known about their physical characteristics, structure, and composition. The enzymes have been purified to apparent homogeneity from several species: spinach (12) , pear (31) , peach (6), broad bean (10, 13, 17) , cowage velvetbean (30) , carrot (23) , potato (1, 20) , Jerusalem artichoke (32) , and grape (18) . The enzymes from broad bean (9, 10, 13, 17) , peach (6) , Jerusalem artichoke (31) , and spinach (12) have been isolated in sufficient amounts for extended physical studies and characterization.
Plant PPOs are notorious for existing in multiple enzyme forms. Some of these forms could arise from associationdissociation, aggregation, limited proteolysis, association with lipids or membranes, carbohydrate attachment, and perhaps other posttranslational modifications. In particular, carbohydrate attachment to PPO has been reported in potato (1) , broad bean (21) , peach (6) , Jerusalem artichoke (32) , strawberry (29) , apple (24) , and spinach (5, B. Biehl, G. Raffert, personal communication). During our investigations concerning the amino-terminal sequence ofbroad bean PPO, we were able to separate four distinct polypeptides by SDS-PAGE (10) ' Abbreviations: PPO, polyphenol oxidase; IEF, isoelectric focusing; DIG, digoxigenin; RCA, Ricinus communis agglutinin; PHA-E, Phaseolus vulgaris erythroagglutinin; pl, isoelectric point. and show anomalous migration in SDS-PAGE under certain conditions (9) . All ofthe observed polypeptides showed diffuse staining patterns after SDS-PAGE, suggesting that each polypeptide may contain further heterogeneity. In this report, we have examined the heterogeneity within PPO purified from broad bean chloroplasts and have found that the enzyme consists of multiple charge/size isoforms with different pls. In addition, many if not all of the forms are associated with carbohydrates.
MATERIALS AND METHODS

Materials
Precast SDS polyacrylamide gels (10-20%) were obtained from Integrated Separation Systems (Hyde Park, MA) and precast thin layer IEF gels (pH 3-7) were purchased from FMC (Rockland, ME). A glycan detection system was obtained from Boehringer Mannheim (Indianapolis, IN) and a lectin-link carbohydrate analysis system was obtained from Genzyme Corp. (Boston, MA). Immobilon P was from Millipore Corp. (Bedford, MA). Antibodies to broad bean PPO were provided by Bob Buchanan (Department of Plant Biology, University of California, Berkeley, CA).
Enzyme Purification
Broad bean ( Vicia faba L.) plants were grown for 3 weeks. They were stored in the dark overnight and then placed at 4°C for 1 h. Homogenization and filtration were carried out at 4°C. Assorted leaf sizes were homogenized in 20 mM Hepes (pH 7.5), 0.33 M sorbitol, 4 mM MgCl2, and 10 mM ascorbate and were filtered through two layers of cheesecloth and one layer of Miracloth. The homogenate was centrifuged at 5000g for 5 min. The pellet was gently resuspended in 100 mL of homogenization buffer and then centrifuged a second time. The resulting pellet containing broken and intact chloroplasts was resuspended in 50 mL of 25 mM Tris (pH 9.0), 1 mM MgCl2, 1 mm ascorbate, 1 mm PMSF, and 1 mL of a protease inhibitor cocktail (pepstatin, 1 mg/mL; antipain, 0.1 mg/mL; chymostatin, 0.1 mg/mL; elastinal, 0.1 mg/mL; bestatin, 0.1 mg/mL; leupeptin, 0.1 mg/mL; E-aminocaproic acid, 13 mg/ mL; p-aminobenzamidine, 10 mg/mL). The suspension was sonicated on ice four times, 15 s each, at maximum power using a Bronson sonicator. The suspension was then centrifuged at 50,000g for I h in a Beckman TI 50.2 rotor. The slightly green supernatant was applied to a DEAE-cellulose column equilibrated in 50 mM Tris (pH 9.0). Enzyme was eluted from the column in a 0 to 0.5 M NaCl gradient in Tris buffer (pH 9.0). Active fractions were pooled and concentrated by ultrafiltration. The retentate was applied to a Sephadex G-100 column equilibrated in 50 mm sodium phosphate (pH 7.5). Active fractions were collected and applied to an hydroxylapatite column equilibrated in 50 mM sodium phosphate buffer (pH 7.5). Bound enzyme was eluted in a 0.05 to 0.4 M sodium phosphate buffer gradient. Active fractions were pooled, concentrated by ultrafiltration, and passed over a second hydroxylapatite column run under conditions similar to those described above. Active fractions were pooled and adjusted to 25% ammonium sulfate before application onto a phenyl-Sepharose column equilibrated in 50 mm sodium phosphate buffer (pH 7.5) containing 25% ammonium sulfate. The bound enzyme was eluted with water and concentrated by ultrafiltration. Yields were approximately 1 mg/ 150 g leaves with a final enzyme recovery of 10 to 20%.
Electrophoresis
SDS-PAGE was carried out as described by Flurkey (9) . Proteins were transferred to nitrocellulose or Immobilon by electroblotting in Tris/glycine/10% methanol at 10 V overnight (14) . Under partially denaturing electrophoretic conditions (samples run in SDS-PAGE but not boiled or reduced), enzyme activity was located using L-dopa (14) .
IEF
Native thin layer flat bed IEF was performed using an IEF unit with Peltier cooling and Isogel precast IEF plates (pH 3-7). Focusing was carried out at 10°C for 1 h and at constant power using a Hoefer model 1200 power supply. Initial conditions during focusing were 400 to 500 V, which corresponded to a power of 10 to 12 W. Focusing was monitored by observing the migration of colored IEF markers (Bio-Rad Laboratories) and terminated when phycocyanin ceased to migrate. pH measurements were made either by cutting 1 cm sections from the agarose gel, soaking in distilled water, and measuring the pH, or by comparing migration distances of known pI standards. The agarose gels were subjected to vacuoblotting using a Bio-Rad slab gel dryer. Portions of the agarose gel were also subjected to protein staining using Serva blue W followed by staining using Coomassie brilliant blue R-250. Portions transferred to nitrocellulose were subjected to western blotting using a polyclonal rabbit anti-PPO, followed by goat anti-rabbit alkaline phosphatase (10, 14) .
Two-Dimensional Electrophoresis
IEF was carried out in the first dimension according to the method of O'Farrell (19) . The IEF gel, plus or minus mercaptoethanol, was subjected to SDS-PAGE in the second dimension using the system described earlier (9). The SDS gel was then electroblotted and subjected to western blotting.
Carbohydrate Detection
Carbohydrates were detected using a glycan detection system, based upon conjugation of DIG to carbohydrates followed by analysis using anti-DIG coupled alkaline phosphatase. Briefly, PPO was subjected to oxidation with periodate followed by coupling with DIG-succinyl-amido caproic acid hydrazide. The enzyme was then subjected to SDS-PAGE, transferred to nitrocellulose by electroblotting, and located by incubating the blot with anti-DIG alkaline phosphatase. Specific carbohydrates were detected after the purified enzyme was subjected to SDS-PAGE under reducing conditions and electroblotted onto nitrocellulose. Carbohydrates were then located using a lectin link glycoanalysis system (Genzyme Corp., Boston, MA) containing biotinylated Con A, RCA, Datura stramonium agglutinin, PHA-E, and wheat germ agglutinin. Avidin-conjugated or extraavidin-conjugated (Sigma) alkaline phosphatase was used to localize specific lectin attachment to carbohydrate.
RESULTS
Purification of Enzyme
Broad bean PPO was purified from isolated chloroplasts using a procedure similar to that described by Hutcheson et al. (13) except that a phenyl-Sepharose column was included as a final step. SDS-PAGE analysis of the purified enzyme, under reducing conditions (20 mm DTE), showed the presence of two proteins at approximately 65 (p65) and 68 kD (p68) (Fig. 1A) . The same two proteins were present in TCAprecipitable samples from all the purification steps, including the chloroplast pellet. These two forms appeared to be relatively abundant in the chloroplast pellet and in the sonicated supernatant from the chloroplasts. The gel in Figure 1 was electroblotted onto Immobilon P to allow direct comparison between the protein profile in each purification step and those proteins cross-reacting with anti-PPO. The antibody was prepared against PPO isolated from chloroplast thylakoids (13) . This PPO preparation contained two forms that could only be separated by electrophoresis (13) . Using this polyclonal antibody, western blot analysis showed that p65 and p68 were present in all purification steps and that no other immunological cross-reacting forms were present (Fig. 1B) . No evidence of a 45 kD form was observed under denaturing conditions. Both the polyclonal and a monoclonal anti-PPO recognize a 45 kD enzyme form under partially denaturing conditions and higher molecular mass forms under denaturing SDS PAGE (14) .
Electrophoretic Characteristics of PPO
Under partially denaturing SDS-PAGE conditions, not boiled or reduced, an apparent mass of 45 kD for the active form of the enzyme was observed (Fig. 2A, lane 1) . However, under higher protein load, we have noticed a faint enzymestained area in the region of 50 to 60 kD (data not shown). Under similar conditions, identical samples stained for protein showed the presence of four proteins (Fig. 2A, lane 2) . A protein doublet was observed at 45 and 47 kD, and two additional proteins were detected at 56 and 60 kD. When the purified PPO was TCA-precipitated, resuspended in the absence of a reducing agent, and subjected to SDS-PAGE, only two proteins were detected (Fig. 2A, lane 3 Figure 3A , oxidation and treatment with DIG resulted in a slightly altered mobility in SDS-PAGE. This slight shift toward an apparent larger molecular mass would be expected if the enzyme contained covalently bound sugars. Two areas of staining were noted after locating DIG-labeled protein. masses were 56 and 60 kD, respectively. Samples that were TCA-precipitated and reduced with 20 mm DTE before SDS-PAGE showed an apparent shift in the mass of the two major proteins to 65 and 68 kD. Reduction ofthe denatured protein increases the apparent masses approximately 10 kD. If samples were not TCA-precipitated, but boiled and then reduced, a diffuse protein staining pattern was observed in the region of 55 to 60 kD in addition to the p65 and p68 kD proteins (Fig. 2A, lane 5) . We believe this diffuse staining region/bands to be a result ofproteolytic degradation. Even though a variety of protease inhibitors was added to prevent proteolysis, it appeared that trace amounts of a protease may be present. A similar finding was reported in enzyme isolated from acetone powders (1 1).
All of the samples subjected to the above electrophoretic conditions were cross-reactive with antibodies to PPO and no evidence of a 45 kD isoform was observed when the samples were denatured and reduced (Fig. 2B) (Fig. 3B, lanes 2, 3) . To determine whether specific sugars were attached to PPO, the purfied enzyme was subjected to SDS-PAGE and western blotting. The blots were probed with a variety of biotinylated lectins followed by localization using avidin-conjugated alkaline phosphatase (Fig. 3C) To determine if any ofthese forms contained carbohydrate, IEF gels were vacuoblotted onto nitrocellulose and probed with Con A, RCA, and PHA-E lectins. Con A bound to all forms of the enzyme (Fig. 4, lane 4) . Staining for these forms was visible within a few minutes. Only two major lectinbinding proteins were observed using RCA and PHA-E. These lectins bound to the isoforms with pI values of 5.14 and 5.3, respectively (data not shown). The staining reactions for these same two lectins took 10 to 15 and 25 to 30 min, respectively.
Thus, most if not all of the forms separated by IEF bind Con A, but only two forms appear to bind RCA and PHA-E in sufficient amounts for detection.
To determine the size of as many isoforms as possible, individual bands were excised from the IEF gels and subjected to SDS-PAGE and western blotting (Fig. 5) . All forms contained a 65 kD protein, whereas some isoforms at higher pI values appeared to contain both the 65 and 68 kD proteins. The distribution of these two proteins varied in the isoforms with pI values between pH 5 and 6.
When purified PPO samples were subjected to IEF/SDS-PAGE according to the method ofO'Farrell (19), they showed a continuous line of overlapping spots with a similar molecular size. In the absence of a reducing agent in the first dimension, a continuous line of overlapping spots with an approximate molecular mass of 54 kD was observed in a pH range from approximately 5 to 6 (Fig. 6A) . correspond to the 56 and 60 kD proteins estimated by onedimensional SDS-PAGE. When the first dimension contained a reducing agent, the overall pattern was similar to that described above except that the two lines of overlapping spots were more distinct (Fig. 6B) . The apparent molecular mass of the proteins was approximately 65 and 68 kD and these protein spots were found in a slightly higher pH range, 5.5 to 6.5, compared with samples not treated with a reducing agent. The size of these isoforms was similar to that obtained after native IEF followed by SDS-PAGE (compare Fig. 5 and Fig. 6 ).
DISCUSSION
Purification and Purity
Since the original observation concerning heterogeneity and carbohydrate attachment to broad bean PPO (21) , the composition of the enzyme purified from chloroplasts has not been described in detail. During the past several years, we have purified the enzyme from whole leaf extracts, leaf acetone powders, and from isolated chloroplasts and have observed that each preparation resulted in apparent homogeneous PPO containing one or more polypeptides. For example, some preparations were composed almost exclusively of a 45 kD protein (7) (data not shown). In contrast, a highly purified preparation of PPO from acetone powders appeared homogeneous using the criteria of analytical ultracentrifugation (17) , but SDS-PAGE analysis showed it was composed of protein doublets at 60 to 65 and 43 to 45 kD (9, 10) . All of the polypeptides showed similar amino terminal sequences (8, 9) . This protein profile pattern agrees with a similar distribution of PPO in crude leaf extracts probed with polyclonal and monoclonal antibodies to broad bean PPO (14) . Other preparations have contained various distributions of the 60 to 65 and 43 to 45 kD proteins (data not shown). In this report, the use of a reducing agent to prevent phenolic oxidation and covalent modification, and the use of protease inhibitors to prevent proteolysis, resulted in the isolation of an enzyme containing the 65 and 68 kD protein components. No evidence of any forms in the region of 43 to 45 kD was observed when analyzed by denaturing SDS-PAGE. These data suggest that the size of broad bean PPO may be larger than originally believed and that the enzyme may be susceptible to proteolysis during purification.
The 65 and 68 kD forms isolated in this report may be equivalent to the two forms first reported by Hutcheson et al. (13) , although they did not analyze their purified broad bean PPO by denaturing SDS-PAGE. Interestingly, Hutcheson et al. (13) also noticed that these two forms comigrated in all purification steps and could only be separated by electrophoresis. These findings have been verified by us previously ( 11, 17) and in this report. In addition, we have noticed that the enzyme trails and smears throughout all column fractionation procedures, suggesting even further heterogeneity. The causes for this apparent heterogeneity could be related to isoforms differing in molecular mass, charge, carbohydrate attachment, or some other modification.
Molecular Mass and Charge Isoforms
Although the most active forms of broad bean PPO have been characterized with an apparent molecular mass of 43 to 45 kD by partially denaturing SDS-PAGE electrophoresis (7-11, 16, 17, 26, 27) , other forms were present with larger sizes of 56 and 60 kD. These latter forms were apparently inactive.
Under denaturing SDS-PAGE conditions, PPO isolated from chloroplasts appeared to be composed of a 68 and a 65 kD component. Because both ofthese isoforms were immunologically related, these data show that some PPO forms differ slightly in size and were much larger than previously reported (7, 9) . These size estimations are much larger than the 45 kD size reported earlier (7) and indicate that our initial suggestion that PPO might not be synthesized as a precursor is probably incorrect. It also seems doubtful that the isolated enzyme in this report is an artifactually generated isoform because it is present with a similar molecular mass in crude chloroplast extracts and in each subsequent purification step.
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